Cyanobacteria exhibit light-dependent cell growth since most of their cellular energy is obtained by photosynthesis. In Synechococcus elongatus PCC 7942, one of the model cyanobacteria, DNA replication depends on photosynthetic electron transport. However, the critical signal for the regulatory mechanism of DNA replication has not been identified. In addition, conservation of this regulatory mechanism has not been investigated among cyanobacteria. To understand this regulatory signal and its dependence on light, we examined the regulation of DNA replication under both light and dark conditions among three model cyanobacteria, S. elongatus PCC 7942, Synechocystis sp. PCC 6803 and Anabaena sp. PCC 7120. Interestingly, DNA replication activity in Synechocystis and Anabaena was retained when cells were transferred to the dark, although it was drastically decreased in S. elongatus. Glycogen metabolism and respiration were higher in Synechocystis and Anabaena than in S. elongatus in the dark. Moreover, DNA replication activity in Synechocystis and Anabaena was reduced to the same level as that in S. elongatus by inhibition of respiratory electron transport after transfer to the dark. These results demonstrate that there is disparity in DNA replication occurring in the dark among cyanobacteria, which is caused by the difference in activity of respiratory electron transport.
Introduction
Cyanobacteria are photosynthetic microorganisms, which live in diverse environments, such as freshwater, oceans (Biller et al. 2015) , hot springs, Polar regions and deserts (Garcia-Pichel et al. 2001 ). Owing to their diverse cell shapes (globular, rod shaped or filamentous) and variety, cyanobacteria are suitable model organisms for various studies, including those on photosynthesis (Nelson and Junge 2015) , the circadian clock (Johnson and Egli 2014) , cell differentiation and nitrogen fixation (Kumar et al. 2010 ). Moreover, a hypothetical endosymbiont giving rise to the plastid is believed to be an ancestor of extant cyanobacteria (McFadden 2014) . Recent phylogenetic analyses suggest that nitrogen-fixing cyanobacteria were most closely related to the origin of plastids (Shih et al. 2013 , Ochoa de Alda et al. 2014 .
In cyanobacteria, high-energy electrons, excited by light irradiation, trigger the activation of the photosynthetic electron transport (PET) system, producing free energy (ATP) and reducing equivalent (NADPH) as the photosynthetic outputs under light conditions (Lassen et al. 2014 , Mullineaux 2014a . These products are the substrates for the Calvin cycle, which synthesizes glyceraldehyde 3-phosphate, a central metabolic product, useful in the biosynthesis of amino acids and other cellular components. Therefore, cyanobacteria rely on photosynthesis (and, therefore, light) for generating most of the components necessary for their cellular activity. The electron transport chain between plastoquinone (PQ) and plastocyanin (PC) is shared by photosynthesis and respiration in cyanobacteria; the respiratory electron transport (RET) system is activated whereas PET is inhibited in the dark (Mullineaux 2014b ). In the dark, respiration generates the proton-motive force for ATP synthesis, but not the reducing power (NADPH). Therefore, a balance in the outputs of the electron transport systems is considered to be an important signal for light-dark transition.
In cyanobacteria, NADPH dehydrogenase (NDH) and succinate dehydrogenase (SDH) reduce the PQ and activate the RET in the dark (Cooley and Vermaas 2001 , Lea-Smith et al. 2015 , Peltier et al. 2016 . NDH and SDH extract electrons from NADPH and succinate, respectively, that are generated during sugar catabolism. Glycogen, which is produced by photosynthesis and stored under light conditions, is utilized as the only carbon source for sugar metabolism in the dark when the supply of Calvin cycle-derived glyceraldehyde 3-phosphate is not available. In fact, a glycogen metabolism-defective mutant exhibits a low respiratory activity in Synechocystis sp. PCC 6803 (Shimakawa et al. 2014) .
Although the components of electron transport and metabolism are well conserved among cyanobacteria, differences in their activities have been observed under some conditions. Misumi et al. (2016) proposed the existence of different redox states of the PQ pool in the dark in six species of cyanobacteria. The PQ pool is reduced in four species, including Anabaena sp. PCC 7120 (referred to as Anabaena, hereafter) and Synechocystis sp. PCC 6803 (referred to as Synechocystis, hereafter), whereas it is oxidized in Nostoc punctiforme and Acaryochloris marina. Moreover, Shimakawa et al. (2015) have proposed a different electron transport rate under CO 2 -limiting conditions. In Synechococcus elongatus PCC 7942 (referred to as S. elongatus, hereafter), the electron transport rate drops with the decrease in photosynthetic activity. However, in Synechocystis, it remains high even when photosynthetic activity is decreased under CO 2 -limiting conditions as the alternative electron transport compensates for the decrease in photosynthetic activity. This alternative electron transport is induced by FLAVODIIRON1 (FLV1) and FLV3 proteins, which are conserved in Synechocystis but not in S. elongatus. These results indicate the diversity of the electron transport rate in cyanobacteria under various environmental conditions. DNA replication is essential for cell proliferation and inheritance of genetic information in all organisms. We previously reported that DNA replication is regulated in a light-dependent manner and is inactivated by the inhibition of PET in S. elongatus , Ohbayashi et al. 2013 . Moreover, we showed that different pathways regulate initiation and elongation of DNA replication in S. elongatus; for example, initiation is inhibited by any impediment to PET, whereas elongation is inhibited only by an obstruction in the electron transport downstream of the Cyt b 6 f complex (Ohbayashi et al. 2013 ). These studies suggest that cyanobacterial DNA replication is regulated by the redox state of the electron transport chain in S. elongatus. We also studied DNA replication in other model cyanobacteria, such as Synechocystis and Anabaena. DNA replication activity in these cyanobacteria was also observed to increase in a light-dependent manner, suggesting that their DNA replication is regulated by photosynthesis, as in S. elongatus (Ohbayashi et al. 2016) . Moreover, we observed that the dependence of DNA replication on DnaA is different in among the cyanobacterial lineage; it depends on DnaA in S. elongatus but not in Synechocystis and Anabaena, although DnaA is conserved and essential for replication initiation in most of the known bacteria (Ohbayashi et al. 2016) . These findings suggest that the regulation of DNA replication in Synechocystis and Anabaena is different from that in S. elongatus, but the details have been unclear.
To investigate the details of the regulatory mechanisms of DNA replication in cyanobacteria as well as their conservation and diversification, we used three model species in the present study, namely S. elongatus (rod shaped), Synechocystis (globular) and Anabaena (a filamentous cyanobacterium capable of forming heterocysts, the nitrogen-fixing cells). We observed that the DNA kept continued to be replicated in Synechocystis and Anabaena, but not in S. elongatus, after transfer to dark conditions. Moreover, glycogen metabolism in the dark was higher in Synechocystis and Anabaena than in S. elongatus, resulting in higher respiration activity. These results suggest that the difference in the metabolic activity correlates with the distinct activities of DNA replication in the dark in cyanobacteria.
Results
Light-dependent increase of DNA replication in three cyanobacterial species
We measured the incorporation of 5 0 -bromo-2-deoxyuridine (BrdU) into genomic DNA to monitor the replication upon dark to light transition in S. elongatus, Synechocystis and Anabaena (Fig. 1B, C) . After incubation in the dark for 18 h, the cells were transferred to light conditions and then pulselabeled with BrdU for 1 h for the indicated periods (Fig. 1A) . The BrdU incorporation gradually increased with culture time under light conditions in the three cyanobacteria (Fig. 1B, C) . This result reveals that light accelerates DNA replication in Synechocystis and Anabaena, as previously reported in S. elongatus (Ohbayashi et al. 2013 ). However, in both Synechocystis and Anabaena, a residual amount of BrdU incorporation was also observed under the dark condition, whereas it was not observed in S. elongatus ( Fig. 1B, C ; time D17-0). These results indicate that Synechocystis and Anabaena retained a weak DNA replication activity under the dark condition.
DNA replication is retained in Synechocystis and Anabaena, but not in S. elongatus, after transfer to the dark We measured BrdU incorporation after the transfer of the three species to the dark ( Fig. 2A) . In S. elongatus, BrdU incorporation was drastically decreased after the transfer, as previously shown by us (Ohbayashi et al. 2013) ; approximately 20% and 5% incorporation was observed after 3 and 6 h of the transfer, respectively ( Fig. 2B ). This decrease in BrdU incorporation in S. elongatus is not due to a reduced BrdU uptake by the cells in the dark because BrdU was incorporated into the DNA under the light conditions after a 1 h incubation with BrdU in the dark (BrdU was removed from the medium before illumination) ( Supplementary Fig. S1 ). In contrast, in Synechocystis and Anabaena, BrdU incorporation decreased more slowly than that in S. elongatus with incubation time, and approximately 60% incorporation was retained 3 h after transfer to the dark conditions (Fig. 2B ). These results demonstrate that the activation of DNA replication after transfer to the dark is higher in Synechocystis and Anabaena than in S. elongatus.
RET activity is required to retain the DNA replication activity under dark conditions
We previously reported that the replication activity depends on the photosynthetic electron transport rate in S. elongatus (Ohbayashi et al. 2013 ). DNA replication is inhibited by the addition of 2,5-dibromo-3-methyl-6-isopropyl-1,4-benzoquinone (DBMIB), which inhibits the electron transport from PQ to Cyt b 6 f under light conditions. We hypothesized that the electron transport rate sufficient for DNA replication in Synechocystis and Anabaena is maintained after their transfer to the dark. Therefore, we examined the effect of DBMIB on DNA replication activity under dark conditions in both Synechocystis and Anabaena because RET is also inhibited by DBMIB in the dark. Cells were transferred to the dark with the addition of DBMIB and pulse-labeled with BrdU for 1 h at specific time points. In both the species, BrdU incorporation was decreased in the presence of DBMIB, compared with the control culture, at each time point after transfer to dark conditions (Fig. 2C) . These results indicate that electron transport is required for maintenance of DNA replication in Synechocystis and Anabaena under dark conditions.
RET and glycogen catabolism activities are higher in Synechocystis and Anabaena than in S. elongatus under dark conditions
We further investigated whether the difference in DNA replication activity in the three species under dark conditions is caused by the difference in RET activity. Therefore, we estimated the respiration activity by measuring the oxygen consumption rate under dark conditions; the oxygen consumption rate was normalized by the cellular DW of the respective species because the cellular size of the three species is considerably different. The respiratory activity in the three cyanobacteria gradually decreased after transfer to dark conditions, which correlated with their DNA replication activities (Fig. 3A) . As expected, the respiratory activities of Synechocystis and Anabaena were about 2 and 1.4 times higher, respectively, than that of S. elongatus during the 6 h period after transfer to dark conditions. Because the electrons for respiration are provided through glycogen metabolism in cyanobacteria (Cooley and Vermaas 2001 , Lea-Smith et al. 2015 , Peltier et al. 2016 , we measured the amount of glycogen under dark conditions. A difference in glycogen metabolism was observed among the three species. In S. elongatus, the amount of glycogen was gradually reduced to 80% of that present in the light, 24 h after transfer to darkness (Fig. 3B) . On the other hand, the amounts of glycogen in Synechocystis and Anabaena were significantly reduced to <20% of that in the light 24 h after transfer to darkness (Fig. 3B) . These results demonstrated that higher respiratory activities in Synechocystis and Anabaena compared with that in S. elongatus correlated with their higher glycogen consumption. It is possible that the amount of ATP also affects the DNA replication because the electron transport generates a proton gradient, which is used for ATP synthesis. We therefore measured the amount of ATP under dark conditions (Fig. 3C) . THe amount of ATP is almost constant during the first 6 h (Fig. 3C) , although DNA replication activity was reduced at these time points. This suggests that the intracellular ATP level does not correlate with the DNA replication activity in the dark.
DNA replication activity is decreased in a glycogen metabolism-defective mutant of Synechocystis in the dark
We assumed that if the correlation of high respiration activity and glycogen metabolism was a key factor for DNA replication in the dark, then a Synechocystis mutant without glycogen metabolism should exhibit a reduced replication activity under dark conditions, as in S. elongatus. Therefore, we investigated the BrdU incorporation activity of the glycogen phosphorylase (glgP) deletion mutant in Synechocystis. GlgP catalyzes the cleavage of glycogen to produce glucose-1-phosphate (Glc-1-P), which is the first step in glycogen metabolism. Synechocystis has two . The black, white and gray bars represent S. elongatus, Synechocystis sp. and Anabaena sp., respectively. In the BrdU assay, three independent experiments exhibited similar results, and the results from one representative experiment are presented. The quantitative measurement of BrdU spot intensity was confirmed by the dilution series ( Supplementary Fig. S2 ). Cells were cultured under the same conditions as explained in (A), DBMIB was added to the cultures when they were transferred to darkness, and cells were labeled with BrdU during 0-1 and 2-3 h after the transfer. Each spot intensity was normalized against the intensity of the sample labeled in the light (L5-0 h). White and gray bars represent Synechocystis and Anabaena, respectively, with slashes indicating the addition of DBMIB. In the BrdU assay, three independent experiments exhibited similar results ( Supplementary Fig. S3 ), and the results from one representative experiment are presented. glgP homologs (sll1356 and slr1367); only slr1367 is considered to play a key role in glycogen metabolism in darkness (Fu and Xu 2006) . We constructed a slr1367 gene deletion mutant (ÁglgP; Fig. 4A ). No change in the amount of glycogen under dark conditions was observed in the ÁglgP strain (Fig. 4B) , indicating that the glycogen metabolism was inactivated in this strain in the dark. The respiratory activity in the ÁglgP mutant cells was significantly decreased under dark conditions compared with the activity in the wild-type (WT) strain (Fig. 4C) . In addition, exogenously supplied glucose restored the respiration activity of ÁglgP mutant cells in the dark (Supplementary Fig. S5 ). These results indicate that glycogen metabolism is a key factor for respiration in the dark. We measured DNA replication activity in the ÁglgP mutant under dark conditions and found that their BrdU incorporation activity was drastically decreased, compared with that of the WT, at the respective time points (Fig. 4D) . This indicates that the defect in glycogen metabolism causes the decrease in DNA replication activity underdark conditions, as in the case of S. elongatus. We further examined whether BrdU incorporation activity could be recovered by the addition of glucose as the carbon source. The Synechocystis strain used in this study is a glucosetolerant strain , which can grow under dark conditions in the presence of glucose and pulsed light. The BrdU incorporation activity of the ÁglgP mutant was recovered to the same level as that of the WT, when cultured in the presence of glucose under dark conditions (Fig. 4E, + Glc) . However, the BrdU incorporation activity at respective time points was not recovered by the addition of glucose and DBMIB (Fig. 4E , + Glc and DBMIB). If glycolysis itself activates DNA replication under dark conditions, then inhibition of respiration, a step downstream of glycolysis, should not affect the BrdU incorporation. These results therefore indicate that the potential of RET, rather than glycolysis, plays a key role in retaining the DNA replication in the dark.
Discussion
DNA replication in the three cyanobacterial species increased under light conditions (Fig. 1) , suggesting that the activation of The intensity of each spot was normalized against the intensity of the sample labeled in the light (L5-0 h). Black, white and gray bars represent no addition, addition of glucose and addition of both glucose and DBMIB, respectively. In the BrdU assay, three independent experiments exhibited similar results ( Supplementary Fig. S4 ), and the results from one representative experiment are presented.
DNA replication through PET is conserved among the cyanobacteria. However, under darkness, DNA replication was drastically decreased in S. elongatus, but not in Synechocystis and Anabaena (Fig. 2B) . In addition, DNA replication was decreased by the addition of DBMIB (a RET inhibitor) after transfer to the dark in Synechocystis and Anabaena (Fig. 2C) . These results suggest that RET is important for DNA replication in the dark. In fact, the respiration activity in Synechocystis and Anabaena was higher than that in S. elongatus in the dark (Fig. 3A, B) . Furthermore, the Synechocystis glycogen metabolism-defective mutant with low RET activity also exhibited a drastic decrease in DNA replication activity, which was recovered by the addition of glucose under dark conditions, but not by the addition of both glucose and DBMIB (Fig. 4) . These results indicate that the activity of RET correlates with the DNA replication activity in the dark. Therefore, we propose that the variation in the potential of the RET chain, rather than glycolysis, generates the difference in the DNA replication activity under dark conditions among the cyanobacteria.
Compared with the WT, the reduction in the respiration activity in the glgP disruptant of Synechocystis after transfer to darkness (Fig. 4) suggests that DNA replication correlates with the respiration activity in the dark. However, 1 h after the transfer, the DNA replication activity in the Synechocystis glgP disruptant was reduced to approximately 55% whereas that in S. elongatus was reduced to approximately 30% (Figs. 2B, 4D) . This difference in the extent of replication repression may be explained by the existence of another repression mechanism in S. elongatus in the dark. The initiation of DNA replication in S. elongatus is regulated by the DnaA protein, but that in Synechocystis and Anabaena is regulated by a DnaA-independent mechanism (Ohbayashi et al. 2016) . Therefore, although DNA replication is regulated by the electron transport system, the molecular mechanism that regulates its initiation upon electron transport is probably different among cyanobacteria.
Cyanobacterial cells are grown under light conditions, which is considered as a carbon source-sufficient condition, because light is a source for photosynthesis. In contrast, in the dark, which is a carbon source-deficient condition, cell growth is inhibited as in many other bacteria. Recently, in Escherichia coli and Bacillus subtilis, the growth defect in some mutants of DNA replication components was suppressed by mutations in several enzymes of central metabolism (Janniere et al. 2007 , Maciag et al. 2011 , suggesting that central metabolism regulates DNA replication. However, the critical signal for this has not been identified yet. It seems that the metabolic flow or the downstream step of sugar metabolism affects the DNA replication rather than some metabolic enzymes involved in glycolysis. The central metabolic activity directly affects the RET activity in aerobic bacteria. In addition, DNA replication is also inhibited by the addition of an electron transport inhibitor in the chloroplast (Kabeya and Miyagishima 2013) , but the signal for regulation of DNA replication has not been understood. These findings, together with our data, suggest that the redox state of electron transport could be a general signal for regulation of DNA replication, regulated by the nutrient condition in most of the bacteria and chloroplasts.
Glycogen and ATP content per cellular DW in Synechocystis and Anabaena were about 1.5-fold higher than those in S. elongatus in the light condition although the glycogen content decreased in Synechocystis and Anabaena compared with that in S. elongatus 12 h after the transfer to dark conditions (Fig. 3) . The differences in the glycogen content and respiratory activity among the three cyanobacterial species under the light and dark conditions could be due to the differences in the availability of an extracellular carbon source for cell growth. Synechocystis and Anabaena are capable of growth under heterotrophic condition in the dark with exogenous glucose or fructose without photosynthetic activity (Williams 1988 , Stebegg et al. 2012 . However, S. elongatus is not capable of heterotrophic growth since it cannot take up extracellular carbon sources. Therefore, S. elongatus must conserve the intracellular carbon source until dawn for its cell maintenance. Furthermore, gene expression in S. elongatus is drastically down-regulated in the dark (Ito et al. 2009 , Takano et al. 2015 , but this is not the case in Synechocystis or Anabaena (Kushige et al. 2013 , Beck et al. 2014 . These findings also suggest that S. elongatus cells are dormant in the dark (Takano et al. 2015) in order to conserve the intracellular energy.
Finally, we propose the evolutionary history of metabolism and DNA replication in cyanobacteria, which suggests that S. elongatus exhibits only autotrophic growth whereas Synechocystis and Anabaena exhibit both auto-and heterotrophic growth as mentioned earlier. Therefore, in an autotrophic organism such as S. elongatus, a change in the biological activity strictly based on the light-dark shift was necessary for maintaining dormancy in the dark. Thus S. elongatus developed circadian rhythms, which regulate most of its gene expression (Ito et al. 2009 , Takano et al. 2015 , metabolism and other processes; this mechanism is absent or weak in Synechocystis and Anabaena (Kushige et al. 2013 , Beck et al. 2014 . Moreover, the initiation of DNA replication in S. elongatus is regulated in a light-dependent manner by the DnaA-oriC system whereas that in Synechocystis and Anabaena is regulated by another mechanism which does not involve DnaA (Ohbayashi et al. 2016) , suggesting that these mechanisms have evolved according to the auto-or heterotrophic growth condition. Thus, such biological regulation systems might have co-evolved in cyanobacteria, and such evolution might have been dependent on growth conditions such as carbon-poor (autotrophic) or carbon-rich (heterotrophic) conditions.
Materials and Methods

Strains and culture conditions
In the present study, we used the transductants carrying the thymidine kinase gene (TK) in S. elongatus, Synechocystis and Anabaena (Ohbayashi et al. 2016) for the BrdU incorporation assay. All the strains were grown at 30 C in BG-11 liquid medium with 2% CO 2 aeration (light intensity: 60 mEm -2 s -1 ). Cells were cultured for about 10 d until they reached the stationary phase, and were then diluted with fresh BG-11 medium, such that the optical density at 750 nm (OD 750 ) was 0.2. After cultivation for 18 h in the dark, the culture was transferred to the light to restart cell growth. DBMIB, at a final concentration of 1 mM for Synechocystis and Anabaena, was added just before the transfer to the dark condition.
Construction of the glgP deletion mutant
The glgP gene (slr1367) was disrupted using the spectinomycin-resistant gene (spec r ) cassette. The upstream and downstream regions of the glgP gene and the spec r were amplified by PCR using following primer sets: glgP-us-F (5 0 GGATTTT TCCTGGGCTTCCAGG-3 0 ) and glgP-us-R (5 0 -CACCGCTGCGCCAGGCTAGCC GACGCTAG-3 0 ), glgP-ds-F (5 0 -CGGCAAATAATCCCAGATCTGGTTTGA CTGC-3 0 ) and glgP-ds-R (5 00 -GACCTGGAGTTCCGACAGGG-3 0 ), and spec-F (5 0 -CGGCTAGCCTGGCGCAGCGGTGGTAACGG-3 0 ) and spec-R (5 0 -GATCTG GGATTATTTGCCGACTACCTTGGTG-3 0 ). Amplified fragments were used for recombinant PCR using the primers glgP-us-F and glgP-ds-R, and the resultant fragments were transformed to Synechocystis TK cells. Gene deletion was confirmed by PCR using the primers glgP-us-F and glgP-ds-R.
BrdU immunoblot analysis
BrdU was added for labeling, 1 h before harvesting the cells. DNA (100 ng) prepared after labeling the cells was blotted on an N + membrane and probed using the anti-BrdU antibody (Ohbayashi et al. 2013) . The quantitative measurement of BrdU spot intensity was confirmed by the dilution series ( Supplementary Fig. S2 ).
Measurement of respiratory activity
The concentrated cell culture was placed in a dissolved oxygen meter at a final concentration equivalent to an OD 750 of 1, and oxygen consumption was measured. The oxygen consumption rate was calculated in terms of mmol of oxygen consumed OD 750 -1 ml -1 h -1 . Data were normalized by cell DW to measure the respiration activity as an absolute value in the respective species.
Determination of glycogen amount
The amount of glycogen for each type of cell was determined by the method described by Suzuki et al. (2010) . The harvested cells were resuspended in 100% methanol and kept overnight at -20 C. After centrifugation, the dried pellet was resuspended and incubated at 100 C for 40 min, and glucoamylase (Wako Pure Chemicals) was added, followed by incubation at 40 C for 1 h. The amount of glycogen was determined enzymatically by the addition of hexokinase (Roche Diagnostics) and glucose 6-phosphate dehydrogenase (Roche Diagnostics). The amount of glucose moieties derived from glycogen was determined by measuring the increase in the optical density at 340 nm.
Quantification of intracellular ATP amount
We extracted ATP from intact cyanobacterial cells according to the method described by Sunamura et al. (2010) . For fixation of the cells, 40 ml of chilled 12% perchloric acid was added to 200 ml of cyanobacterial cells; it was neutralized with 500 ml of 2 M Tris-acetate (pH 7.7) and stored at -80 C. Stock samples were prepared using an ATP determination kit (Invitrogen/Molecular Probes) according to the method described by Takano et al. (2015) and then measured with a 1420 Multilabel Counter (Perkin-Elmer Life Science).
Supplementary data
Supplementary data are available at PCP online. 
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